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E s t i m a t e s of solubility w e r e m a d e f o r t h e solubility of helium
and of a r g o n i n eutectic NaK.
the d i m e r , while the r a r e g a s e s d i s s o l v e a s t h e m o n o m e r . The solubilities of r a r e g a s e s i n c r e a s e d in a c o n s i s t e n t m a n n e r with d e c r e a s i n g a t o m i c r a d i u s of the r a r e -g a s s o l u t e a t o m ; c o n v e r s e l y , t h e solubility of a given g a s d e c r e a s e d with d e c r e a s i n g a t o m i c r a d i u s of the solvent liquid-metal atom. c a l c u l a t e d f o r the s y s t e m s of i n t e r e s t using the S t o k e s -E i n s t e i n equation, d e r i v e d f r o m F i c k ' s Law.
Nitrogen a p p e a r s to d i s s o l v e a s
Diffusivity v a l u e s w e r e LMEC -69-36 the i n e r t g a s e s will not r e a c t with s o d i u m o r NaK, s o m e of the gas c a n e i t h e r d i s s o l v e o r b e c o m e e n t r a i n e d i n the liquid m e t a l . The a c c u m u l a t i o n and sudden r e l e a s e of g a s i n the liquid m e t a l coolant s t r e a m of a f a s t r e a c t o r : ( 1 ) m i g h t i n t e r f e r e with h e a t t r a n s f e r b y i n t e r p o s i n g a g a s e o u s l a y e r of r e l a t i v e l y high t h e r m a l r e s i s t a n c e , o r (2) can c a u s e r e a c t i v i t y changes in the r e a c t o r c o r e l e a ding to u n d e s i r a b l e t r a n s i e n t s i n power level.
I. INTRODUCTION
Liquid s o d i u m and NaK a r e u s e d a s h e a t -t r a n s f e r m e d i a i n a n u m b e r of r e a c t o r s and a r e the coolants of p r i m a r y i n t e r e s t f o r the Liquid
While F o r t h i s r e a s o n , t h e r e i s a n e e d f o r i n f o r m a t i o n on the p a r t of r e a c t o r d e s i g n e r s and o p e r a t o r s about the m a g n itude of t h e solubility of i n e r t g a s e s i n s o d i u m a n d NaK, the t e m p e r a t u r e v a r i ation of solubility, and t h e diffusion of i n e r t g a s e s i n liquid m e t a l s under a conc e n t r a t i o n gradient. In addition, two i n e r t g a s e s , krypton and xenon, a r e b o r n i n f i s s i o n ; i n f o r m a t i o n on solubility and diffusivity of t h e s e g a s e s could help t o d e t e r m i n e t h e c o n c e n t r a t i o n of t h e s e two f i s s i o n g a s e s i n the liquid m e t a l bond of a fuel e l e m e n t , and i n the c a s e of vented o r failed fuel e l e m e n t s t h e m o v em e n t of t h e s e f i s s i o n g a s e s in the coolant s t r e a m .
The Liquid M e t a l s Information Center':' h a s r e c e i v e d a n u m b e r of i n q u i r i e s on topics involving the solubility and diffusivity of i n e r t g a s e s i n s o d i u m and NaK.
It i s t h e p u r p o s e of t h i s r e p o r t to s u m m a r i z e existing d a t a on solubility and diffusivity of i n e r t g a s e s i n s o d i u m and p o t a s s i u m , to show t h e v a r i a t i o n with t e mp e r a t u r e , to identify a r e a s w h e r e d a t a a r e lacking, and to e s t i m a t e v a l u e s f o r s o l u b i l i t i e s i n eutectic N a K which m i g h t b e utilized pending t h e a v a i l a b i l i t y of e x p e r i m e n t a l data.
* .
-*The Liquid Metals I n f o r m a t i o n C e n t e r (LMIC), included within The Liquid M e t a l Engineering C e n t e r ( L M E C ) , is a n i n f o r m a t i o n a n a l y s i s c e n t e r s p o ns o r e d by t h e Division of T e c h n i c a l I n f o r m a t i o n of the U. S. Atomic E n e r g y C o m m i s s i o n . and data on liquid m e t a l technology and components; i n i t i a l e m p h a s i s i s on s o d i u m and NaK alloys a s h e a t t r a n s f e r and h e a t t r a n s p o r t fluids. 
A . SOLUBILITY
An e a r l y a t t e m p t to c a l c u l a t e t h e solubility of a n i n e r t gas in s o d i u m w a s (1):K m a d e b y E p s t e i n liquid sodium, a t 1 a t m p r e s s u r e and t e m p e r a t u r e s of 450 and 9 0 0°F . His c a lculations indicated a solubility of 1. 6 x I O -l l c m He ( S T P ) / c m Na a t 4 5 0°F a n d 1.3 x 10 c m He ( S T P ) / c m Na a t 9 0 0°F . p e r a t u r e , i n c o n t r a s t to w a t e r and o t h e r aqueous solutions w h e r e the solubility of g a s e s d e c r e a s e s with t e m p e r a t u r e . E p s t e i n r e a l i z e d t h a t h i s calculations would be r e a s o n a b l y a c c u r a t e only i f t h e t e m p e r a t u r e s involved w e r e not too f a r r e m o v e d f r o m the c r i t i c a l t e m p e r a t u r e of the g a s (5. 2°K f o r heliujm) and that t h e r e wds t h e possibility of r a t h e r e n o r m o u s e r r o r s i n the extrapolation. He a s s u m e d t h a t t h e l o g a r i t h m of the m o l e f r a c t i o n of h e l i u m i n s o d i u m could be i n e r r o r by 50% a t 4 5 0°F which m e a n t t h a t the solubility of helium could v a r y 3 3 between 1 x t o 2 x 10-18cm He ( S T P ) / c m N a ( e x p e r i m e n t a l r e s u l t s quoted l a t e r i n t h i s r e p o r t indicate a value of about 1 x 1 0 -5 c m He ( S T P ) / c m Na a t thi s t e m p e r a t u r e ) . o v e r t h e t e m p e r a t u r e r a n g e of 482 t o 7 0 4°C (900 to 1 3 0 0°F ) a n d of h e l i u m in liquid l i t h i u m o v e r the t e m p e r a t u r e r a n g e of 649 t o 871°C (1200 to 1 6 0 0°F ) . They * S u p e r s c r i p t s r e f e r t o t h e k e f e r e n c e s l i s t e d i n Section I V of t h i s r e p o r t .
LMEC-69-36
Vogel, et al. , a t Argonne National L a b~r a t o r y '~) published e x p e r i m e n t a l data i n 1964 covering the solubility of krypton i n s o d i u m o v e r the t e m p e r a t u r e r a n g e of 200 to 480°C (392 to 8 9 6°F ) a n d of a r g o n i n s o d i u m o v e r the t e m p e r at u r e r a n g e 340 to 480°C (644 to 8 9 6°F ) . Veleckis, e t a l . , a t ANL(5) published additional e x p e r i m e n t a l data covering a r g o n i n s o d i u m a n d extended the t e mp e r a t u r e r a n g e t o c o v e r 330 t o 5 3 0°C (626 to 9 8 6°F ) .
r e p o r t e d e x p e r i m e n t a l data f o r t h e solubility of nitrogen i n sodium") o v e r the t e m p e r a t u r e r a n g e of 450 t o 600OC (842 to 1112°F).
c u r r e n t l y d e t e r m i n i n g t h e solubility of h e l i u m i n liquid s o d i u m ; p r e l i m i n a r y d a t a a r e published i n a r e c e n t p r o g r e s s r e p o r t . The p r o c e d u r e u s e d a t A N L w a s s i m i l a r to t h a t u s e d by P r a t t and Whitney, except that i n c e r t a i n i n s t a n c e s r a d i o a c t i v e g a s e s w e r e u s e d to s a t u r a t e the liquid m e t a l and then the s p e c i f i c activity w a s m e a s u r e d a f t e r sparging.
In addition to the foregoing r e f e r e n c e s c o v e r i n g d i r e c t investigations of t h e solubility of i n e r t gas in s o d i u m or N a K , t h e r e have b e e n some s c a t t e r e d r e fe r e n c e s t o g a s t r a n s p o r t effects i n a s o d i u m o r NaK s y s t e m . F o r example, a n u m b e r of b r i e f power l e v e l t r a n s i e n t s w e r e o b s e r v e d during the c o u r s e of o p e r a t i o n of tfie Sodium R e a c t o r E x p e r i m e n t (SRE). (8) g a s t r a n s p o r t and accumulation during o p e r a t i o n of a NaK t e s t loop, u s i n g a n a r g o n c o v e r gas.
w a s being d i s s o l v e d a t the hot N a K -c o v e r -g a s i n t e r f a c e and a f t e r w a r d s r e l e a s e d and t r a p p e d i n pockets i n c o o l e r p o r t i o n s of t h e loop. O p e r a t i o n of t h e NaK loop under identical flow conditions b u t u n d e r i s o t h e r m a l conditions showed p r a c t ic a l l y no t r a n s p o r t of t h e a r g o n g a s , which r u l e d out e n t r a i n m e n t a s a m a j o r I n v e s t i g a t o r s Subsequent evaluative tests indicated t h a t a r g o n g a s actually
f a c t o r .
2 in.
2 0 0°F (1 1 0°C ) and 1 1 0 0°F (610°C), r e s p e c t i v e l y , Apparently no f u r t h e r t e s t s w e r e p e r f o r m e d a t ORNL to obtain additional quantitative v a l u e s r e l a t e d t o the solubility of a r g o n in NaK, and no o t h e r e x p e r i m e n t a l o b s e r v a t i o n s w e r e found i n t h e l i t e r a t u r e r e g a r d i n g the solubility of a r g o n gas in e i t h e r liquid p o t a s s i u m o r i n NaK.
T h e s e e x p l o r a t o r y t e s t s showed a r g o n g a s accumulation r a t e s of 3 3 ( S T P ) / h r a n d 1. 5 in. ( S T P ) / h r a t loop t e m p e r a t u r e d i f f e r e n c e s of LMEC -69 -3 6
B. D I F F U S I V I T Y
A
While extensive investigations h a v e b e e n m a d e on t h e diffusion of g a s e s into g a s e s and to a l e s s e r extent on diffusion of m e t a l s into liquid m e t a l s , no e x p e r im e n t a l data w e r e found on r a t e s of diffusion of g a s e s into liquid m e t a l s . Brooks o v e r t h e t e m p e r a t u r e r a n g e of 150to 3 5 0°C (302 to 6 6 2°F ) . S. E p s t e i n and -5 -5 2 2 c m / s e c . T h e s e i n s t a n c e s of good a g r e e m e n t between 
If t h e S t o k e s -E i n s t e i n equation i s u s e d to c a l c u l a t e t h e s e diffusion coefficients
The l i t e r a t u r e s u r v e y r e v e a l e d t h a t e x p e r i m e n t a l data have b e e n published on the solubility i n liquid s o d i u m of h e l i u m , a r g o n , krypton, xenon, and n i t r ogen; t h e r e w e r e no e x p e r i m e n t a l data f o r neon i n sodium. No data w e r e found f o r any of t h e above g a s e s i n NaK, while i n p o t a s s i u m (the o t h e r constituent of NaK), e x p e r i m e n t a l data w e r e a v a i l a b l e only f o r helium. This situation i s s u mm a r i z e d i n Table 1 w h e r e the a p p r o x i m a t e t e m p e r a t u r e r a n g e f o r which data a r e available i s indicated i n a m a t r i x showing the g a s e s a n d liquid m e t a l s of i n t e r e s t . 
E x t r a p o l a t i o n of Data
It m a y b e s e e n f r o m Table 1 t h a t t h e r e a r e a n u m b e r of gaps i n the data and even w h e r e data a r e a v a i l a b l e , t h e t e m p e r a t u r e r a n g e of i n t e r e s t i n L M F B R s y s t e m s (up to, s a y , 1 2 0 0°F ) is not covered. It would b e of value then to LMEC-69-36
(1) a s s e s s the validity of extrapolating the available data over a w i d e r t e m p e r a t u r e r a n g e , and ( 2 ) e s t i m a t e values f o r p o t a s s i u m and NaK f o r a t l e a s t the two common cover g a s e s , a r g o n and helium. L e a s t -s q u a r e -f i t equations a r e plotted i n F i g u r e 1 f o r the five sodium c a s e s and the one p o t a s s i u m c a s e ( a l s o f o r the one lithium c a s e ) f o r which experimental data on gas solubility w e r e available; they a r e plotted to show log solubility v e r s u s the r e c i p r o c a l of the absolute t e m p e r a t u r e o v e r the applicable t e m p e r at u r e range.
a r e a l s o shown i n F i g u r e 1.
t h e m s e l v e s show good l i n e a r i t y plotted i n this m a n n e r .
pending the availability of additional e x p e r i m e n t a l data, t h e s e s t r a i g h t -l i n e plots should give good e s t i m a t e s of solubilities when extrapolated o v e r the r a n g e s w h e r e s o d i u m and p o t a s s i u m a r e liquid.
W h e r e data a r e given in t h e o r i g i n a l r e f e r e n c e , t h e s e data points It m a y b e s e e n that the e x p e r i m e n t a l data points
Thus it a p p e a r s that 2.
E s t i m a t e d Values With solubility v a l u e s available f o r h e l i u m i n both s o d i u m and p o t a s s i u m , it
should be possible to e s t i m a t e r e a s o n a b l y a c c u r a t e solubility values f o r h e l i u m i n NaK.
s p e c i f i c h e a t ) of a given NaK alloy can be calculated r a t h e r a c c u r a t e l y by m u l t i - This indicates that i n the NaK alloy, the i n t r i n s i c i n t e r a t o m i c spacing of t h e two constituents i s not a l t e r e d significantly.
unchanged. On t h i s b a s i s , it w a s a s s u m e d that the solubility of h e l i u m i n NaK could b e obtained by multiplying the solubility values of h e l i u m i n p u r e s o d i u m I t h a s b e e n o b s e r v e d t h a t a number.of physical p r o p e r t i e s (e. g . , density,
T h e r e f o r e , the solvent capacity of e a c h constituent should r e m a i n and i n p u r e p o t a s s i u m by t h e m o l a r concentration of that p a r t i c u l a r constituent i n the NaK alloy of i n t e r e s t . 
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F i g u r e 1. Solubility of I n e r t G a s e s i n Liquid Metals (log solubility plotted a g a i n s t r e c i p r o c a l of absolute t e m p e r a t u r e ) LMEC-6 9 -3 6d ta w e e v a i l a b l on t h e solubility of a r g o n in sodium, t h e r e w e r e no data on I t h e solubility of a r g o n i n p o t a s s i u m , s o i t w a s f i r s t n e c e s s a r y to e s t i m a t e t h e s e v a l u e s o v e r the t e m p e r a t u r e r a n g e of i n t e r e s t . i c a l l y t h a t the r e l a t i v e o r d e r of solubility of s e v e r a l g a s e s i n different liquids is solubility v a l u e s , s i n c e one o r m o r e of t h e s e s y s t e m s m a y s o m e day be of p a r t i cu l a r i n t e r e s t in t h e design of r e a c t o r s for s p a c e applications. In addition, i t would b e a d v i s a b l e to e x p e r i m e n t a l l y v e r i f y any of the diffusivity v a l u e s in t h e s e t e n s y s t e m s w h e r e g r e a t e r a c c u r a c i e s than t h e c a l c u l a t e d v a l u e s a r e r e q u i r e d . Table 2 l i s t s l e a s t -s q u a r e -f i t equations f o r e a c h of the t e n i n e r t g a s -l i q u i d
The solubility of h e l i u m i n NaK-78 w a s e s t i m a t e d to b e slightly It would b e d e s i r a b l e to v e r i f y t h e s e e s t i m a t e d m e t a l s y s t e m s d e s c r i b e d h e r e i n , solubility and a r e applicable a t a n i n e r t g a s p r e s s u r e of 1 a t m . 
The equations a r e l i s t e d i n o r d e r of d e c r e a s i n g T h e s e equations Except f o r the r e p o r t e d solubility of xenon i n s o d i u m and f o r n i t r o g e n i n s o d i u m , t h e r e a p p e a r s to b e a c o n s i s t e n t r e l a t i o n s h i p between solubility a n d the LMEC -69 -36 T A B L E 2 ARRHENIUS-TYPE EQUATIONS F O R SOLUBILITY O F INERT GASES I N LIQUID METALS (MOLES GAS DISSOLVED P E R M O L E LIQUID M E T A L P E R ATMOSPHERE GAS PRESSURE)
[ T a k e n from R e f e r e n c e 2. [ D e r i v e d from data i n R e f e r e n c e 7.
(752 to 9 3 2°F ) . 9.
Valid f r o m 4 0 0 t o 500°C E x t r a p o l a t e d t o 350°C (662"F).]
Krypton i n Sodium: Log S = -4. 188 -3 5 8 3 / T (OK) [ T a k e n f r o m R e f e r e n c e 4.
E x t r a p o l a t e d to 500°C (932°F). ]
Valid f r o m 200 t o 4 8 0°C (392 to 8 9 6°F ) .
Nitrogen i n Sodium:
[ D e r i v e d f r o m data i n R e f e r e n c e 6. shown in Table 3 , a r r a n g e d in i n c r e a s i n g o r d e r of the solute and solvent a t o m s .
The atomic r a d i u s of t h e s e e'lements i s
E l e m e n t 
This question of the n a t u r e of nitrogen T h e i r r e s u l t s indicated that nitrogen apparently does
The following s t a t e -
P a s t s t u d i e s have shown
0
Examination of F i g u r e 1 shows t h a t the solubility of the i n e r t g a s e s in liquid m e t a l s i n c r e a s e s with t e m p e r a t u r e .
p r e d i c t e d by Epstein"), who pointed out that o b s e r v a t i o n s b a s e d upon the b e h a vi o r of g a s e s in w a t e r and aqueous m e d i a can be misleading, a s w a t e r h a s m a n y p e c u l i a r i t i e s and one of t h e m is a negative r a t h e r than a positive t e m p e r a t u r e coefficient for g a s solubility.
This i s in a c c o r d a n c e with the behavior As a n e x a m p l e of the u s e of the t e m p e r a t u r e t o d e g r e e s Kelvin, a value is obtained of 5.2 X 10 H e / m o l e Na at 1 2 0 0°F (649"C, 922°K) and 1.2 X 9 00" F (482 " C , 755 OK). T h e r e f o r e , t h i s t e m p e r a t u r e d r o p should re-sult i n the r e l e a s e of 4.0 X 6 3 of 16 X 10 h e l i u m p e r minute. metals a p p r o x i m a t e s H e n r y ' s law; ( 4 y 5, i. e. , the solubility of a g a s i s d i r e c t l y proportional t o the p r e s s u r e of t h e p a r t i c u l a r solute g a s above the solvent.
T h e r e f o r e , i n making any solubility calculations, the effect of p r e s s u r e , a s well a s t e m p e r a t u r e , must be considered. It should be noted t h a t t h e solubility of i n e r t g a s e s i n liquid
It should a l s o b e noted that F i g u r e 1 R e f e r r i n g again t o the ORNL t e s t s i n a NaK loop, w h e r e it w a s d e t e r m i n e d
t h a t a r g o n c o v e r g a s w a s being d i s s o l v e d i n a s u r g e tank and l i b e r a t e d i n c o o l e r p o r t i o n s of a loop, it w a s s t a t e d that 0.2 in. l i b e r a t e d u n d e r the following loop conditions :
of a r g o n ( S T P ) / h r w e r e being ( 9 ) 1 ) 10 p s i g a r g o n c o v e r g a s above s u r g e tank 2 ) 0.07 gpm b y p a s s NaK flow rate 3 ) 1 3 5 0°F ( 7 3 2°C ) NaK s u r f a c e t e m p e r a t u r e i n s u r g e tank 4 ) 2 0 0 " F ( 1 1 0 " C ) A T between s u r g e tank s u r f a c e and b y p a s s exit.
T h e accumulation of a r g o n g a s i n c o o l e r portions of t h e loop w a s e s t i m a t e d by m e a s u r i n g t h e r i s e in NaK l e v e l i n the s u r g e tank and t h e n calculating t h e volume change. solubility of a r g o n i n NaK-78, approximately 0.8 in.3 of a r g o n ( S T P ) / h r sho=lld have b e e n l i b e r a t e d by a t e m p e r a t u r e change of 2 0 0°F ( 1 1 0°C ) f r o m 1 3 5 0°F over the given t e m p e r a t u r e r a n g e , and should s e r v e a useful p u r p o s e in making differential solubility calculations f o r r e a c t o r s t h a t employ t h e s e cover -g a s , liquid-metal-coolant s y s t e m s .
T h e Appendix t o this r e p o r t l i s t s calculated i n e r t g a s solubility values a t c e r t a i n t e m p e r a t u r e i n t e r v a l s for the t e n s y s t e m s l i s t e d i n Table 2. solubilities a r e shown i n units of: ( 1 ) m o l e s of gas p e r m o l e of liquid m e t a l ; ( 2 ) m o l e s of g a s p e r l i t e r of liquid m e t a l ; ( 3 ) cubic c e n t i m e t e r s of g a s a t ( S T P ) 3 3 p e r c m of liquid m e t a l ; (4) cubic c e n t i m e t e r s of g a s , a t t e m p e r a t u r e , p e r c m of liquid m e t a l ; and ( 5 ) p a r t s p e r billion. the s a m e o r d e r of d e c r e a s i n g s y s t e m solubility a s i n Table 1 .
T h e s e T h e s e d a t a a r e a r r a n g e d i n t a b l e s i n B. DIFFUSIVITY f Diffusivity of m a t e r i a l s i s defined a s the proportionality constant, o r diffusion coefficient, i n the g e n e r a l diffusion equation f o r m a t e r i a l t r a n s f e r : ( 1 9 ) dc A s pointed out i n Section I1 B y no e x p e r i m e n t a l d a t a w e r e found in the l i t e r at u r e on the diffusivity of g a s e s i n liquid m e t a l s . -5 2 c m / s e c for hydrogen diffusing into w a t e r a t a m b i e n t t e m p e r a t u r e , In view of this good a g r e e -F i g u r e 2 shows c u r v e s of diffusivity v s t e m p e r a t u r e that w e r e calculated f o r e a c h s y s t e m by m e a n s of the Stokes-Einstein equation.
do e x i s t , i n g e n e r a l , t h e s e diffusivity c u r v e s have the s a m e r e l a t i v e o r d e r a s the solubility l i n e s i n F i g u r e 1 ( h e l i u m i n lithium i s higher than a r g o n i n sodium; xenon i n s o d i u m i s l e s s than krypton in sodium; and nitrogen, calculated using the diatomic i n t e r a t o m i c spacing of 1.15 A, shows i n t e r m e d i a t e diffusivity). It was pointed out previously that on the b a s i s of atomic r a d i i i n the xenon-sodium and i n the k r y p t o n -s o d i u m s y s t e m s , it a p p e a r s t h a t the solubility of xenon i n s o d i u m might be i n e r r o r and should fall below t h a t of krypton in sodium. In the c a s e of nitrogen i n sodium, the i n t e r a t o m i c spacing doubtless does not give a n equiva- ) i l i t i e s a r e shown in convenient units and evaluated a t c e r t a i n t e m p e r a t u r e s . A l l v a l u e s a r e a t 1 a t m gas p r e s s u r e .
Equations a r e l e a s t -s q u a r e fits i n m o l e s gas dissolved p e r mole of liquid m e t a l .
The r e a d e r is cautioned to r e f e r to the text b e f o r e applying the tabulated d a t a ; the significant f i g u r e s tabulated r e s u l t f r o m substitution into the r e s p e c t i v e equations and a r e not intended to r e f l e c t the a c c u r a c y of t h e underlying data. IO-^ 
